Several recent studies have shown a flat retrograde amnesia for spatial information following lesions to the hippocampus in rats and mice. However, the results of the present investigation demonstrate that in rats that presurgically learned a spatial reference memory task based on extramaze cues, a temporally graded retrograde amnesia is evident following lesions to the hippocampus (1, 16, 32 or 64 days after learning) if two conditions are met. First, that a wide range of retention intervals is used, and second, that independent groups of rats are tested, not a single group that learns different spatial discrimination tasks at different times (expt 1). The results of expt 2 show that the hippocampus does not serve as a consolidating mechanism when the spatial task learned presurgically is based on intramaze cues. Taken together, these results indicate that the hippocampus is critical for the storage and/or retrieval of spatial reference information that was learned up to 1 month before hippocampus damage; however, in the absence of the hippocampus, efficient retention can still occur provided that the spatial knowledge was learned in a simple associative manner.
Introduction
Recently various studies carried out on humans and animals have shown that damage circumscribed to the hippocampal formation causes a selective and severe memory impairment characterized by anterograde and retrograde amnesia (Zola-Morgan et al., 1986; Victor & Agamanolis, 1990; Alvarez et al., 1995) . In humans, when retrograde amnesia is produced by hippocampal lesions, the memory loss is temporally graded, in such a way that a severe deficit for recent information is observed while remote memory remains intact (RempelClower et al., 1996) . The identifiable gradient associated with retrograde amnesia has been a key factor in proposing theories about the specific role that the hippocampus plays in memory (for review, see Nadel & Moscovitch, 1997) .
Animal models of retrograde amnesia have recently been developed so that more precise studies can be performed. Different behavioural paradigms have been used in this research: object discrimination tasks (Zola-Morgan & Squire, 1990) , fear context conditioning (Kim & Fanselow, 1992) , trace conditioning (Kim et al., 1995) , spatial tasks with the Morris water maze (Bolhuis et al., 1994) and spatial tasks using wooden mazes (Cho et al., 1993; Bontempi et al., 1996; Cho & Kesner, 1996; Laurent-Demir & Jaffard, 1997) . In most of this research a temporally graded retrograde amnesia has been observed, thus establishing a parallelism between those studies carried out on humans and those on animals.
However, recent studies involving spatial tasks have produced inconsistent results, in that they have demonstrated a flat retrograde amnesia. There are two causes, among others, that may explain these results. First, in some studies, the lapse of time between the learning of the task and the retention test is very long, thereby producing excessive forgetting. Probably for this reason, Bolhuis et al. (1994) , in the Morris water maze, observed a flat retrograde amnesia in rats after lesions to the hippocampus effected either 3 days or 14 weeks after learning. Tests at an intermediate retention interval might have shown a graded retrograde amnesia effect. A second cause may be that only one experimental group was used in some of the research (Laurent-Demir & Jaffard, 1997) . In this study, after the mice had learned successive spatial discrimination problems in a wooden maze, a flat retrograde amnesia was observed when reversible disruption of hippocampal activity was applied at different time intervals. A serious problem with this paradigm is that the same animals were taught three different spatial discrimination tasks, separated by a 2-week period, in the same spatial context. As there were obvious extramaze cues that remained constant during the acquisition of the different spatial problems, it is possible that such a paradigm leads to a lack of context specificity, which may have overshadowed a temporally graded retrograde amnesia effect, and favoured a flat retrograde amnesia.
FIG. 1. Schematic diagram (to scale) of maze and cues in testing room (expt 1). 1, door; 2, experimenter (standing) and rat holding cage; 3, poster on wall; 4, table top leaning against wall; 5, radiator; 6, window covered in black adhesive plastic; 7, cabinet; 8, metallic shelves; 9, air conditioning unit at ceiling height.
The present study was therefore undertaken with two objectives. First, to investigate whether, in independent groups of rats that learned presurgically a single spatial task based on extramaze cues, damage to the dorsal hippocampus produces a temporally graded retrograde amnesia when intermediate retention intervals are used (expt 1). Second, to determine to what extent the hippocampus is necessary for the consolidation of spatial information when the spatial knowledge is acquired in a simple associative manner, that is, based on intramaze and not extramaze cues (expt 2).
Materials and methods

Subjects
A total of 89 male Wistar rats from the breeding colony of the University of Granada were used in the following two experiments: 69 animals in the first and 20 in the second. The rats (initially weighing between 250 and 310 g) were individually housed in single cages and maintained on a 12:12-h light-dark cycle. The animals were food-deprived to 90% of normal body weight during preoperative training and postoperative testing.
Apparatus
A four-arm plus-shaped wooden maze was used. The maze was 60 cm from the floor. The centre platform was octogonally shaped with a diameter of 35 cm. Each arm was 60 cm long and 10 cm wide. A food cup was located at the end of each arm. There were no doors separating the arms from the central platform. The position of the maze in the experimental room as well as the location of the extramaze cues are shown in Fig. 1 .
The same apparatus was used in both experiments with the only differences being that in expt 2, both in the learning phase and the © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3295-3301 FIG. 2. Photomicrographs of two coronal brain sections stained with cresyl violet from a representative lesioned rat (top, from hippocampus 1 day group) and from a control rat (bottom, from sham 1 day group) taken from expt 1. No important differences were observed in the hippocampal damage of the lesioned animals from expt 1 and expt 2.
postoperative retention test, the maze was surrounded by a black curtain from ceiling to floor, and sandpaper (00 thickness) was placed on the floor of the goal arm as an intramaze signal to help resolve the task. In both experiments, a 200-W light bulb was hanging from the ceiling at 1.2 m from the centre of the platform.
Procedure
Pre-operative training
All rats were handled on 4 successive days for 5 min each. On the following day, the rats were placed in the maze for 5 min. During this habituation session, four 45-mg food pellets (P. J. Noyes Company, Inc., UK) were placed in the food cups located at the end of each arm. The next day training began. Animals were given successive daily sessions, each consisting of eight trials. At the beginning of a trial, the rat was placed at the end of one of the arms used for starting (the south, north and east arms), with its back to the central platform. The order in which the different starting arms were used was randomized in each daily session. The trial was recorded as correct if the animal reached the goal arm (the west arm, always baited with one pellet of 45 mg). The animal was considered to have made a choice when, having entered an arm, it travelled along half of it. If the animal did not choose an arm within 1 min, that trial was declared null and a new trial was begun with the same animal. Eight consecutive null trials resulted in the elimination of that animal from the study. After a choice was made, the subject was allowed to remain at the from using olfactory signals to reach the goal arm, but the position of the goal arm was always the same (west). Training ended on the eleventh day. Only those animals that had succeeded in at least 21 out of 24 consecutive trials during the last 3 days of training were selected for surgery.
The procedure described above was used in both experiments. However, in the second experiment the rats were placed in the starting arm through one of the two openings in the curtain (north or south).
Post-operative testing
Retention of the preoperative spatial learning was assessed in all the animals 1 week after surgery. The test was carried out in a single session of 18 trials, in which a food pellet was always present in the food cup of the correct arm. Retention scores were determined by the percentage of correct responses recorded.
Surgery
In the first experiment, 60 animals reached the learning criterion. The subjects were randomly divided into eight groups. In the rats of each of the four experimental groups the dorsal hippocampus was lesioned 1 day after the training ended (n ϭ 7), 16 days after (n ϭ 8), 32 days after (n ϭ 6), or 64 days after (n ϭ 8). The other four groups were sham-operated control animals, operated on 1 day after training (n ϭ 8), 16 days after (n ϭ 8), 32 days after (n ϭ 7), or 64 days after (n ϭ 8). In the second experiment, 17 animals reached the learning criterion. These were divided in two groups, one dorsal hippocampus lesioned group (n ϭ 8) and one sham-operated group (n ϭ 9), which were also operated on one day after training was completed. During surgery, the rats were anaesthetized with sodium pentobarbital (50 mg/kg, i.p.). The dorsal hippocampus was damaged at two different anteroposterior sites in relation to the interaural zero point (Paxinos & Watson, 1986) . The co-ordinates for the anterior site were: A ϭ 5.9 mm, L ϭ Ϯ 1.6 mm, and V ϭ 6.9 mm. For the posterior site they were: A ϭ 4.8 mm, L ϭ Ϯ 2.5 mm and V ϭ 7.0 mm. Bilateral electrolytic lesions were made with a lesion-generating device (Grass Instruments, model DCLMS, USA) by passing 2 mA DC cathodal current for 15 s through a monopolar stainless steel electrode insulated with INSL-X except at the cross-section of the cut tip. In the sham operated groups the same stereotaxic procedure was followed except that no current was passed.
Statistical analysis
One-way and two-way analyses of variance were performed.
Histology
Upon the completion of behavioural testing, the rats were deeply anaesthetized with sodium pentobarbital (80 mg/kg, i.p.) and perfused with 0.9% saline followed by 10% buffered formalin. The brains were frozen and sliced at 30 microns and the sections were mounted on glass slides, which were then stained with cresyl violet and examined to verify lesion placement. The microscopic analysis of the coronal sections taken from the lesioned animals of expt 1 and 2 revealed homogeneous and appropriately positioned bilateral lesions. As far as the distribution of the lesions, no important differences were observed among the groups. A representative hippocampus lesion is shown in Fig. 2 . Most of the lesions began at the rostral pole of the hippocampus, at the level of the paraventricular hypothalamic nucleus. These lesions frequently reached the posterior level of the fimbria. In the rostral hippocampus the lesion was complete in most cases, damaging the dentate gyrus and Ammon's horn (i.e. fields CA1- 
CA3
). Minor bilateral damage to overlying retrosplenial agranular and frontal cortices was also observed. There was little dorsal thalamic damage at the paraventricular hypothalamic nucleus and other levels (10% of the animals). However, neither the cortical damage nor the less frequent thalamic involvement contributed to the amnesia, given that the animals unaffected by this unintended damage showed the same degree of retrograde amnesia as those who did suffer cortical and/or thalamic damage. At more posterior levels, the hippocampal lesion was evident at the most caudal pole of the ventromedial nucleus of the hypothalamus. At this rostrocaudal level CA1 appeared completely destroyed and CA2 and CA3 were partially lesioned while the polymorph layer of the dentate gyrus was intact in more than half of the subjects. At a further posterior rostrocaudal level, specifically at the more rostral pole of the mammillary bodies, minor damage was observed in CA1, while no sign of lesion was detected at any further posterior levels (Figs 3 and 4) .
Results
Experiment 1: retention of spatial information learned with extramaze cues
Pre-operative learning Figure 5A shows the performance of the eight groups used in expt 1 during the preoperative period. A two-way analysis of variance (group ϫ day) revealed certain differences between groups in the acquisition of the task (group effect F 7,52 ϭ 4.88; P Ͻ 0.001). The effect of days (F 10,520 ϭ 198.33; P Ͻ 0.001) was highly significant while interaction between factors (F 70, 520 ϭ 1.19; P ϭ 0.15) did not reach statistical significance. Although the general effect of the groups factor was significant, planned comparisons revealed that there were no differences when the general performance of the four experimental groups was compared to that of the four sham groups during the 11 days of training (F 1,52 ϭ 0.016; P ϭ 0.89). Similarly, there were no significant differences detected upon comparing the performance of each experimental group to that of its corresponding control (sham 1 day vs. hippocampus 1 day: F 1,52 ϭ 0.20; P ϭ 0.65. sham 16 days vs. hippocampus 16 days: F 1,52 ϭ 0.02; P ϭ 0.87. sham 32 days vs. hippocampus 32 days: F 1,52 ϭ 1.74; P ϭ 0.19. sham 64 days vs. hippocampus 64 days: F 1,52 ϭ 0.81; P ϭ 0.37). Finally and most importantly, one-way ANOVA revealed no significant differences among groups on the last day of preoperative training (F 7,52 ϭ 1.19; P ϭ 0.32). Taken as a whole, these results indicate the same rate of © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3295-3301 learning for the different groups used in expt 1 at the end of the 11-day training period.
Post-operative retention test
As shown in Fig. 6A , a two-way analysis of variance (group ϫ interval learning-surgery) indicated that animals with dorsal hippocampus damage performed significantly more poorly in remembering the spatial task learned presurgically than the control groups (between group factor treatment F 1,52 ϭ 100.07; P Ͻ 0.001). However, the interaction between factors (F 3,52 ϭ 17.78; P Ͻ 0.001) shows that the degree of retrograde amnesia produced by the hippocampus lesions varied according to the passage of time between the learning and surgery. In fact, planned comparisons revealed that the retrograde amnesia reduced progressively as the time that elapsed between the learning and surgery increased. Thus, comparing the hippocampus FIG. 6 . Post-operative retention scores (mean ϩ SEM) as a function of the learning-surgery interval for each of the eight groups used in expt 1 (A) and for each of the two groups used in expt 2 (B).
1-day group with the sham-operated 1 day group (F 1,52 ϭ 64.77; P Ͻ 0.001) or the hippocampus 16 days group with its control (F 1,52 ϭ 71.78; P Ͻ 0.001), the retrograde amnesia was very severe. However, it was slighter when the surgery took place 32 days after learning (F 1,52 ϭ 16.48; P Ͻ 0.001). And most importantly, no retrograde amnesia was observed if hippocampal damage occurred 64 days after learning (F 1,52 ϭ 0.307; P ϭ 0.58).
These findings suggest that the retrograde amnesia observed in the experimental animals is temporally graded. There is additional data to support this affirmation. Considering only the experimental groups, the percentage of remembering by the hippocampus 1-day group is significantly lower than that obtained by the hippocampus 64-days group. (F 1,52 ϭ 22.74; P Ͻ 0.001). However, no significant differences were detected between the hippocampus 1-day group and the hippocampus 32-days group (F 1,52 ϭ 2.13; P ϭ 0.15). Finally, upon comparing the hippocampus 32-days group with the hippocampus 64-days group significant differences were again detected (F 1,52 ϭ 9.39; P Ͻ 0.03), suggesting that the hippocampus 64-days group remembered the spatial task significantly better than the hippocampus 32-days group. This data indicates that retrograde amnesia disappears progressively the further away in time the hippocampal lesion is from the learning of the task.
© 1998 European Neuroscience Association, European Journal of Neuroscience, 10, [3295] [3296] [3297] [3298] [3299] [3300] [3301] As for the sham-operated groups, a progressive forgetting of the spatial information is observed the further the memory test is from the learning. Thus, comparing the sham 1 day and the sham 64-days groups, highly significant differences were obtained (F 1,52 ϭ 15.59; P Ͻ 0.001). The differences were smaller when the sham 1 day and the sham 32-days groups were compared (F 1,52 ϭ 4.46; P Ͻ 0.03). Other comparisons indicated that both the sham 64 days and sham 32 days remembered considerably less than sham 16 days (sham 64 vs. sham 16, F 1,52 ϭ 15.59, P Ͻ 0.001; sham 32 vs. sham 16, F 1,52 ϭ 4.46, P Ͻ 0.04). These differences contribute to the interaction represented in Fig. 6A .
In each group the mean percentage of correct responses during the first five trials of the memory test was compared with that obtained during the last five trials. Eight Wilcoxon matched pairs test detected no significant differences (sham 1 day T ϭ 2, P ϭ 0.13; mean first five trials vs. last five trials ϭ 72.4 vs. 87.5. Hippocampus 1 day T ϭ 0, P ϭ 0.1; 45.7 vs. 51.4. sham 16 days T ϭ 0, P ϭ 0.06; 90 vs. 79.9. Hippocampus 16 days T ϭ 0, P ϭ 0.06; 40 vs. 52.7. Sham 32 days T ϭ 0, P ϭ 0.1; 63 vs. 68.5. Hippocampus 32 days T ϭ 2.5, P ϭ 0.36; 46.7 vs. 52.6. Sham 64 days T ϭ 4, P ϭ 0.71; 57.5 vs. 64.1. Hippocampus 64 days T ϭ 0, P ϭ 0.1; 60 vs. 67.5).
Finally, considering only the mean percentage of correct responses during the first five trials of the postoperative memory test, four Mann-Whitney U-tests indicated that the degree of retrograde amnesia observed in the lesioned animals reduced progressively as the learningsurgery interval increased (sham 1 day vs. hippocampus 1 day, U ϭ 7.5, P Ͻ 0.01; sham 16 days vs. hippocampus 16 days, U ϭ 1, P Ͻ 0.001; sham 32 days vs. hippocampus 32 days, U ϭ 8, P Ͻ 0.06; sham 64 days vs. hippocampus 64 days, U ϭ 26, P ϭ 0.52). However, two Kruskal-Wallis tests indicated no significant differences among the four experimental groups (H ϭ 5.13, P ϭ 0.16) and a progressive forgetting of the spatial information upon comparing the four control groups (H ϭ 11.98, P Ͻ 0.007).
Experiment 2: retention of spatial information learned with intramaze cues
Pre-operative learning
As shown in Fig. 5B , both the experimental and the sham group manifested the same rate of learning at the end of the 11-day training period. One two-way ANOVA (group ϫ day) did not reveal significant differences between the groups (F 1,15 ϭ 1.89; P ϭ 0.18) but did indicate differences for the day factor. (F 10,150 ϭ 41.01; P Ͻ 0.001).
Post-operative retention test
Results from the postoperative memory test show an absence of retrograde amnesia in the group with hippocampal damage (see Fig. 6B ), given that the one-way ANOVA indicated that both groups performed the memory task with the same degree of mastery (F 1,15 ϭ 2.12; P ϭ 0.16).
Discussion
The central finding of this investigation is that hippocampal damage produces a temporally graded retrograde amnesia when the acquisition of the spatial information was based on extramaze rather than intramaze cues. Our results indicate that in rats an approximately 2-month period is required for the memory of a place to no longer depend on the integrity of the hippocampus. During this 2-month period the contribution of the hippocampus to memory processes would gradually diminish.
Although the results of other studies involving spatial tasks have been inconsistent, (Bolhuis et al., 1994; Laurent-Demir & Jaffard, 1997) , our research suggests that the hippocampus participates in the progressive consolidation of spatial information. These differences may be due to the fact that in our study both independent groups of rats and intermediate retention intervals were used. Furthermore, a deficit in the retrieval process is unlikely to be the explanation for the retrograde amnesia observed in the lesioned rats, given the fact that animals lesioned 64 days after learning were capable of retrieving significantly more premorbid information than those lesioned 1 or 16 days after learning. This finding in particular lends support to the idea that long-term memory storage depends in some way on the initial participation of the hippocampus. Beyond this initial period after learning (2 months in our study), a hippocampal-independent memory storage system, presumably the cerebral cortex (see Higuchi & Miyashita, 1996) , is able to support long-term memory. However, the way in which the hippocampus intervenes in the process of consolidation remains unknown, although several hypotheses have recently been put forth (see Alvarez & Squire, 1994 ; for review). It must be mentioned that the postoperative retention test used in this study cannot be considered a pure memory test. The ideal would have been to use only one memory trial, whereby the animal's choice may be considered entirely dependent on the retrieval of information learned before the surgery. Our results show that during the last five of the 18 trials in the memory test, the animals of all the groups, except sham 16 days, produced a higher percentage of correct responses as compared with the first five trials. This suggests that we cannot totally rule out a contribution of retention measurement by re-learning processes that would have occurred after the first retention trials. However, although certain re-learning took place during the 18 trials of the postoperative test, it did not significantly contribute to the creation of differences between the first and last five trials. This re-learning, probably, did play an important role in the appearance of the temporally-graded retrograde amnesia. Thus, when we analysed only the first five trials, a significant retrograde amnesia became apparent, but it was not temporally graded, given that no significant differences were observed among the four experimental groups. The absence of significant difference between the Sham 64 group and the Hippocampus 64 group, while examining the first five trials, can be explained by the progressive forgetting shown by the control animals as the learning-surgery interval approaches 64 days.
Our data is consistent with the work of previous studies which suggest that the mammalian brain contains anatomically distinct memory systems (McDonald & White, 1993) . Thus, although the animals of both expt 1 and expt 2 acquired the same spatial knowledge (navigate to the west arm), the retrieval and/or consolidation of this information depends upon independent neural substrates. In expt 1 it seems reasonable to postulate that the lesioned rats are not able to consolidate information about the relationships among extramaze stimuli (Eichenbaum et al., 1990) . However, expt 2 shows that even without the hippocampal system it is possible to consolidate spatial information which enables the animal to reach the west arm provided that the spatial knowledge was acquired in a simple associative manner (Packard & McGaugh, 1996) . In this case, a neural system that includes the dorsal striatum may mediate the formation of reinforced stimulus-response associations (Colombo et al., 1988) . Thus, our data indicate that the hippocampus is not a consolidation © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3295-3301 mechanism common to spatial information acquired with different learning rules, cognitive mapping vs. stimulus-response associations.
